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An experimental study was designed to validate post-
extrasystolic potentiation assessment of myocardial vi-
ability or functional reserve of cardiac segments after
acute coronary occlusion. Segmental systolic fractional
area changes and wall thickening in pacing-induced post-
extrasystolic beats were mapped in 12 closed chest dogs
by two-dimensional echocardiography during a control
period and from 20 minutes to 3 hours after occlusion
of the left anterior descending coronary artery. The ex-
tent of myocardial ischemic and necrotic zones was eval-
uated in left ventricular slices and subsegements cor-
responding to echographic cross sections.
During two-dimensional echocardiography, left ven-
tricular segments that were found to be neither ischemic
nor necrotic always exhibited a significant augmentation
of both fractional area change and wall thickening dur-
ing the postextrasystolic beat that followed an induced
premature contraction with a 42.4 % coupling interval.
In segments without necrosi s but with var ying degrees
Augmentation of cardiac muscle contraction during the beat
after an extrasystole was fi rst described by Langendorff ( I)
almost 100 years ago. This phenomenon. referred to as
postextrasystolic potentiation by Hoffman et al, (2) in 1956,
has been extensively investigated in vitro. in the isolated
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of ischemia, significant postextrasystolic potentiation was
also demonstrated, even after 3 hours of occlusion. In
contrast, segments that developed more than 80 % ne-
crosis failed to potentiate systolic fractional area change
after 2 hours, and systolic wall thickening, even after 20
minutes of coronary occlusion. Sta tistical evaluation re-
vealed a characteristic threshold at 41 to 60% necrosi s,
beyond which no potentiation of function could be elic-
ited 3 hours after occlusion.
Extrapolation from the experimental data suggests
that when two-dimensional echographic studies in myo-
cardial ischemia indicate postextrasystolic augmentation
of segmental left ventricular function , the latter seg-
ments may be assumed to contain only small infarcts or
to consist of reversibly ischemic and normal myocar-
dium. Conversely, segments that fail to exhibit post-
extrasystolic potentiation can be assumed to be more
than 60 % necrotic.
heart and in various in vivo experimental preparations. A
number of clinical studies of postextrasystolic potentiation
have also been reported. Most of these studies indicated
that ischemic left ventricular segments which have marked
derangements of contraction at rest or during regular rhythm
may exhibit significantly augmented function during a post-
extrasystolic beat, as long as the associated myocardial in-
jury is reversible (3).
Recent investigations during myocardial ischemia sug-
gest that potentiation of cardiac function. either in sponta-
neous or induced premature beats. signifies an inotropic
contractile reserve (4-7) that may serve to identify or un-
mask residual viability of ischemic segments exhibiting dys-
function in sinus rhythm (8.9). Physiologic studies (9, 10)
have demonstrated that myocardium may be salvageable for
a certain time after acute myocardial ischemia supervenes.
Even in the absence of coronary collateral vessels, myo-
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cardial cells may not be irreversibly damaged up to 20
minutes after an acute coronary occlusion ( I I), and a more
extended viability may be found in differing species de-
pending on prevailing collateral supply and metabolic de-
mands. The distribution of ischemic and necrotic myocar-
dium in an involved region of the heart may vary. In particular.
myocardial tissue located in the subepicardial region or be-
tween normal and profoundly injured zones may be kept
viable for an extended period by marginally supplied arterial
blood, thus providing a limited opportunity for salvage with
properly applied treatment (4-6) .
Crozatier et al. (7 ) measured left ventricular segment
shortening in dogs with myocardial length gauges. They
reported a rapid loss of postextrasystolic potentiation in the
central ischemic zone within a few minutes after a coronary
occlusion, as well as a marked diminution of potentiation
in marginally ischemic areas after prolonged periods of un-
treated ischemia. Other investigators (5) reported that post-
extrasystolic potentiation can persist for periods up to 4
hours after the onset of acute ischemia. Because of uncer-
tainty about the relation between the degree of myocardial
injury and postextrasystolic potentiation, thrs experimental
study was designed to relate. In left ventricular segments,
the contractile response during postextrasystole to measured
extent of ischemia and necrosis. Segmental cardiac funcnon
in postextrasystolic beats was quantitated with two-dimen-
sional echocardiography.
Methods
Experimental preparation. Sixteen mongrel dogs
weighing 22 to 37 kg were anesthetized with intravenous
pentobarbital (30 mg/kg body weight) and Intramuscular
morphine (2 mg/kg). Small supplemental doses of pento-
barbital were administered as required to inhibit the ocular
blink refle x. After endotracheal intubation, respiration was
maintained with a Harvard respirator. All catheter place-
ments and cchocardiographic studies were performed in the
closed chest preparation. An 8F catheter was inserted into
the aortic root by way of the left femoral artery and con-
nected to a Statham P23Db thud-filled pressure transducer.
Left ventricular systolic and end-diastolic pressures were
measured with a high fidelity. catheter tip transducer (Millar
Instruments) inserted through the right femoral artery. The
maximal rate of rise in left ventricular pressure (peak
dP/dt) was obtained by differentiation. Left anterior de-
scending coronary artery occlusion was performed by in-
fl ating a balloon at the tip of a 4F intracoronary catheter
whose center lumen was used to record the pressure distal
to the occlusion. Blood pressures, left ventricular dP/dt and
a precordial electrocardiogram were monitored on an Elec-
tronics for Medicine physiologic multichannel recorder (model
V\2. Honeywell) at a paper speed of \00 rnrn/s
A bipolar pacing electrode was inserted into the right
atrium by way of the left jugular vein and connected to a
Medtronic model 5880 demand pacemaker. Atrial pacmg
was performed at a constant RR interval of 474 ± 7 rns
(mean ± standard deviation [SDj) corresponding to a mean
heart rate of 127 beats/min. To induce a controlled pre-
mature contraction followed by a postextrasystolic beat. a
second pacing electrode was inserted through the right fem-
oral vein, placed at the right ventricular apex and connected
to a specially designed cardiac stimulator. A single, closely
coupled interval, 20I ± 7 ms after the preceding R wave
(42.4% of the paced RR interval). was employed for all the
induced single premature beats.
Two-dimensional echocardiographic examination. A
90° ultrasonic sector scanner (ATL Mark III , Advanced
Technology Labs, Inc. ) was used for recording the two-
dimensional echocardiographic studies. Videotape record-
ings were obtained in the 16 closed chest dogs to derive
echographic cross-sectional imagesof the left ventricle, firs t
during baseline paced coronary sinus rhythm and then in
individual postextrasystolic beats that followed controlled
premature beats. The protocol called for a full set of echo-
graphic measurements during the control state, equivalent
studies at 20 minutes and l , 2 and 3 hours after occlusion
of the left anterior descending coronary artery with the latter
immediately preceding sacrifice. Four of the 16 dogs died.
3 from ventricular fibrillation, and I from cardiogenic shock,
up to 20 minutes after coronary occlusion. Complete two-
dimensional echocardiographic studies were obtained in the
remaining 12 dogs.
Each dog was placed on its right side on a table equipped
with special cutouts to allow the two-dimensional echo-
graphic transducer to be directed from the bottom up against
the right side of the dog's chest. pomtmg at the site of
maximal cardiac pulsation. By tilting and moving the trans-
ducer from left ventricular base toward the apex, short-axis
cross-sectional echographic images were obtained at four
levels of the left ventricle- mitral valve leaflets. high. mid
and low papillary muscle levels. The two-dimensional im-
ages were recorded on videotape for subsequent echocar-
diographic analysis. Endocardial and epicardial outlines of
the left ventricle were of sufficient quality to allow stop
frame images to be drawn directly from the video screen
onto transparent sheets. To ensure correct outlining of in-
terfaces in these short-axis cross-sectional views of the left
ventricle. the videotapes were played back repeatedly against
the background of the stop frame tracings. This supple-
mental study of cardiac dynamics of endocardial and epi-
cardial motions was found essential to reduce interobserver
variability and to rationally interpolate echodropouts as well
as resolve any uncertainties in boundary defi nition.
For quantitative study of the le.fl ventricular [unction,
echocardiographic frames were obtained in end-diastole and
end-systole, timed to coincide with the onset of the QRS
complex and smallest cross-sectional lumen of the echo-
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Figure 1, Diagrammatic representation of segmental left vcntnc-
ular (LV) function from short-axiscross-sectional images recorded
by two-dimensional echocardiography. A, Illustration of a stand-
ardized computer-aided subdivision of short-axis echographic cross-
sections indexed from a lineconnecting the epicardial outline geo-
metric center with an umnvolvedintemall andmark (posterior pap-
illary muscle for study of left anterior descending artery occlu-
sions). The section is divided into octants, and epicardial centers
are superimposed from end-diastole (ED) to end-systole (ES) (see
text). B, Formulas applied in computing global sectional and seg-
mental cardiac function. Systolic fractional area change (FAC%)
corresponds to average inward motion. Average wall thickness
(WT) IS measured from endocardium to epicardium, and wall
thickening (WT%) represents the systolic change of sectional or
segmental wall thickness.
Figure 2. Pathologic findings in a low papillary muscle level slice
of a dog's left ventricle, corresponding to a two-dimensional echo-
cardiographic section exhibiting no postextrasystolic augmentation
after 3 hours' occlusion in the region subserved by the left anterior
descending coronary artery. A, Photomicrograph of a giant whole
mount histologic section stained for glycogen. Note the homo-
geneous transmural ischemia (no staining) of the antenor 50% of
the left ventricular slice (periodic acid-Schiff stain. x 2). B, The
surface of the equivalent surface of the adjacent slice of myocar-
dium stained with triphenyl-tetrazolium-chloride. Note that the
necrosis is also homogeneous and transmural and corresponds to
the area of ischemia shown in A; thus, in this heart. the entire
ischemic zone was necrotic at the time of sacrifice . AP = anterior
papillary muscle; PP = posterior papillary muscle.
gions. To characterize contraction and inward motion , a
sectional systolic fractional area change and corresponding
averaged wall thickening were computed. Segmental sys-
tolic fractional area change and wall thickening were also
computed for each of the eight segments (Fig. IB).
Pathologic analysis. At the conclusion of each study (3
hours after left anterior descending coronary artery occlu-
sion) the dog was sacrificed, the heart was promptly excised
.. ..- -~'
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graphic image , respectively . The left ventricular short-axis
cross-sectional views, corresponding to end-diastole and end-
systole, were then transferred to a computer-aided system
(Fig . IA). The cross sections were automatically subdivided
into eight equal segments and analyzed in a standardized
manner , using the center of gravity of each section's epi-
cardial outline and a second internal landmark reference
point for indexing the subdivision. Systolic translation and
rotation were corrected by frame by frame matching of left
ventricular landmark s. Thus, the epicardial outline centers
were superimposed from end-diastole to end-systole, and
the junction between the nonischemic posterior papillary
muscle and left ventr icular lateral wall was chosen to stand-
ardize quantit ative systole analysis of the eight equal pie-
shaped sectors in left ventricular short-axis cross sections.
The cross-sectional echographic mapping of ventricular
segments encompassed both ischemic and nonischemic re-
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(less than 60 seconds later) and cut as rapidly as possible
from apex to base into 1.0 cm thick transverse slices, parallel
to the atrioventricular groove. Alternate slices were either
incubated in triphenyl-tetrazolium-chloride (slices I. 3 and
5) or immersed in Carney's solution (slices 2 and 4), a
nonaqueous, volatile fi xative that preserves tissue glycogen.
Triphenyl-tetrazolium-chloride served for macroscopic de-
termination of infarct size (12-14). Carney's fixed slices
were cleaned in cedarwood oil and embedded in paraflin.
Giant whole-mount histologic sections were cut from the
surface of the adjacent slab by the periodic acid-Schiff method.
The regions that were glycogen-depleted (that is. ischemic)
failed to stain (Fig. 2 and 3) (15).
The extent and distribution of the necrotic zones in tri-
phenyl-tetrazolium-chloride stained slices and ischemic zones
in adjacent periodic acid-Schiff stained slices and their sub-
segments were compared with measurements of wall thick-
ening and systolic fractional area change in equivalent seg-
ments of a matched two-dimensional echographic cross-
sectional image. This matching required detailed study of
cross-sectional landmarks in both excised ventricular slabs
Figure 3. Pathologic findings In a low papillary muscle slice of
a dog 's left ventricle showing two-dimensional cchocardiographic
postextrasystolic augmentation in the area subscrved by the left
anterior descending coronary artery after 3 hours' occlusion. A.
Photomicrograph of a giant whole mount histologic section stained
for glycogen. Note that the ischemia which involves the antero-
septal portion of the left ventricle is somewhat patchy (periodic
acid-Schiff stain, X 2). B, The surface of the adjacent slice of
myocardiumstained with triphenyl-tetrazol ium-chlonde. Note that
the necrosis is minimal, patchyandconfi ned to thesubendocardium
(arrows) . Thus, in this heart at the time of sacrifice, only a small
fractionofthe ischemiczonewas necrotic. AP = anterior papillary
muscle; S = septum.
and corresponding two-dimensional echographic cross sec-
tions. The extent (area) of necrosis and ischemia were ex-
pressed as a percent of each segment' s muscle area.
Statistical analysis. A nonparametric test (signed rank
test) with alpha level (adjusted to provide an overall alpha
level of 0.05) was used for statistical analysis of control
beats versus postextrasystolic beats. All results are presented
as mean ± standard deviation.
Results
Hemodynamic Changes
The effects of postextrasystolic beats on hemodynamics
in the 12 dogs are summarized in Table I. Throughout the
study, systolic pressure, left ventricular end-diastolic pres-
sure and peak dP/dt were significantly augmented during
the postextrasystolic beat as compared with measurements
during atrial pacing beats.
Reproducibility of Echographic Measurements
We studied the reproducibility of echocardiographic mea-
surements of overall sectional and segmental systolic frac-
tional area change and wall thickening in postextrasystolic
beats (Table 2). In 12 dogs (chosen at random), interob-
server reproducibility of echographically-derived global and
segmental systolic fractional area change and wall thick-
ening measurements was assessed in short-axis cross sec-
tions at four left ventricular levels. Measurements were per-
formed beat by beat by a single observer, and also by two
trained observers who mdependently traced the same beat.
to establish repeatability of systolic fractional area change
and wall thickening. Linear regression analysis was per-
formed and standard error of estimate was calculated.
Table 2 indicates the resulting interobserver reproduci-
bility and fi rst postextrasystolic beat repeatability of echo-
derived systolic fractional area change and wall thickening
measurements. Global sectional systohc fractional areachange
and wall thickening showed good interobserver reproduci-
bility and repeatability. whereas segmental systolic frac-
tional area change and wall thickening results were less
satisfactory.
Two-Dimensiona l Echocardiographic Measurements
We concentrated our detailed two-dimensional echocar-
diographic analysis of systolic fractional area change and
wall thickening at a low papillary muscle level of the left
ventricle (substantially below the left anterior descending
coronary artery occlusion). This provided a wide range of
ischemic and necrotic involvement in cross-sectional seg-
ments. thus allowing more comprehensive comparison of
equivalent segment echo-derived function versus pathologic
state.
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Table l. Hemodynamic Changes in Postextrasysto lic Beats (mean values :±: standard deviation)
Systolic Pressure LVEDP Peak dP/dt
(m m IIg) ( m ill Hg) (mill Hgl
AI' PES'" AI' PES : AI' PES
Control 122 ::': 15 132 ::': 16 5 ::': 4 6 ::': 5 1.508 ::': ~~2 2.494 ::': 444
20 rmnutcs 120 ::': 21 125 ::': 24 8 ::': 5 10 :!: 5 1.518 ::': ~47 2.077 :!: 5~0
I hour 120 ::': 14 130 ::': 19 6 :!: 5 8 ::': 5 1.528 :!: 2~5 2.225 ::': ~~8
2 hours 129 :!: 22 140 ::,: 27 9 :!: 6 10 ::': 6 1.503 :!: 187 2.268 ::': 506
3 hours 124 ::': 27 138 ::': 31 9 :!: 6 II :!: 7 1.356 :!: 25~ 2. 107 :!: 495
"Probabihty (1' ) < 0.001 compared With value dunng atnal pacing
AI' = atrial pacmg beat precedmg the postextrasystohc beat. LVEDp = left ventncular end-draxtohc pressure. Peak dP/dt = maximal rate of rise
of left ventncular pressure. PES = postextrasy-rohc beat
Analysis of time course during left anter ior descend-
ing coronary artery occlusion. End-diastolic andend-sys-
tolic two-dimensional echographic images in atrial paced
and postextrasystolic beats are illustrated in Figure 4 for the
control period, after 20 minutes andafter 3 hours ofcoronary
occlusion. Also shown are computer-aided displays of
standardized segmentation of cross sections used in seg-
mental analysis of systolic fractional area change and wall
thickening.
Nonischemic , nonnecrotic left ventricular segments. Data
from segments that exhibited neither ischemia (delineated
by glycogen depletion) nor necrosis (by triphenyl-tetrazo-
lium-chloride staining) after 3 hours of left anterior de-
scending coronary artery occlusion are shown in Figure 5.
There was a significant postextrasystolic augmentation of
both systolic fractional area change and wall thickening in
these normal segments at all times, that is, in the control
period and after 20 minutes, and 1, 2 and 3 hours of coronary
occlusion.
Left ventricular segments with more than 80% necro-
sis . Measurements in segments found to have over 80%
necrosis postmortem are presented in Figure 6. With this
high degree of segmental necrosis, there was no significant
augmentation in postextrasystolic systolic fractional area
change and wall thickening at 3 hours after left anterior
descending coronary artery occlusion. However, potentia-
tion of systolic fractional area change in these segments was
noted at 20 minutes, I hour and even 2 hours afterocclusion.
In contrast, significant potentiation of wall thickening ap-
peared only at 20 minutes after occlusion, whereas it was
absent from I to 3 hours after occlusion.
Relat ion between extent of segmental ischemia and
function. Segments in which no necrosis but varying de-
grees of ischemia were found at 3 hours of left anterior
descending coronary artery occlusion are analyzed in Figure
7. Statistically, significant postextrasystolic augmentation
of both systolic fractional area change and wall thickenmg
was found in nonnecrotic but ischemic segments. regardless
Table 2. Rep rod ucib ility of Tw o-D rmensiona l Echographic Meas urements Duri ng Postextrasystohc Beab
Slope Intcrcepu 'if ) SEE(CI< )
lnterobserver Rcproducibrluy
Section
FAC~ 0.94 0.92 - 2 19 2 48
WFk 0.94 I 08 520 -:' 77
Segmental
FACo/c 092 089 60 1 4.63
WT~ 092 0.95 25 1 8.87
PES to PES Repeatabrluy
Section
FACO/C 0 95 0.88 - 1.58 224
WTO/C 0.97 I 15 636 4 50
Segmental
FAC~ 0.88 0.89 564 4.73
WTO/C 0.81 0.87 584 14 74
FACO/C = percent systohc fractional area change; PES = postextrasystohc beat: r = correlation coefficient. SEE = standard error of c-umatc. WTCI<
= percent wall thickenmg
A CONTROL
Figure 4. Phasic two-dimensional
cchocardiographic images of a short-
axis cross section illustrating end-
diastole (ED) and end-systole (ES)
dunng an atrial paced beat (AP) fol-
lowed by a postextrasystolic beat
(PES). On the right are the corre-
spending computer displays, includ-
mg both epicardial and endocardial
outlines in diastole (full line) and
vystole (dotted line) along with seg-
mental subdivision for computing in-
dexes of cardiac function. A, Con-
trol state before left anterior
descending (LAD) coronary artery
occlusion. B, Images obtained 20
rrunutes after occlusion. Note that
segments 3 and 4 exhibit wall motion
abnormalities in the atrial paced beat,
but these segments show significant
postextrasystohc augmentation. C,
Echographic images obtained 3 hours
after occlusion. Segments 2, 3 and
4 exhibit significant wall motion ab-
normalities in the atrial paced beat
but no postextrasystohc potentiation
in these segments at 3 hours of oc-
elusion, D = center of gravity in
cpicardiurn at end-diastole; !':, center
of gravity m epicardium at end-sys-
tole, X = reference point at end-
diastole; 0 = reference point at end-
<ystolc.
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Figure 7. Postextrasystolic potentiation of left ventricular seg-
ments that had no necrosis but varying degrees of ischemia after
3 hours of left anterior descending coronary artery occlusion. Sta-
tistically significant postextrasystolic augmentation was noted in
both systolic fractional area change and wall thickening for all
degrees of myocardial segment ischemia as determined by gly-
cogen depletion. Abbreviations as in Figure 5.
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Figure 5. Postocclusion lime course of postextrasystolic poten-
tiation in left ventricular segments that had no ischemia or necrosis
when examined at 3 hours after occlusion. A significant post-
extrasystolic augmentation was observed in both systolic fractional
area change (FAC%) and wall thickening (WT%) in these normal
segments throughout the experiments. M = mean; SO = standard
deviation; 20E = two-dimensional echocardiography.
o
50
o
Figure 6. Time course of postextrasystolic potentiation of all left
ventricular segments that were found to exhibit more than 80%
necrosis after left anterior descending coronary artery occlusion.
There was no significant postextrasystolic augmentation in either
systolic fractional area change (FAC%) or wall thickening (WT%)
at 3 hours after occlusion. However, significant potentiation of
systolic fractional area change was noted in these segments at 20
minutes, I hour and 2 hours after the coronary occlusion. The
potentiation of wall thickening was noted only at 20 minutes after
occlusion and was not significant at later stages of the expenments.
Abbreviations as in Figure 5.
Figure 8. Comparison between echo-derived postextrasystolic po-
tentiation of left ventricular segments and degree of segmental
necrosis at 3 hours after left anterior descending coronary artery
occlusion. A threshold was observed with significant functional
potentiation changmg to no potentiation when the extent of seg-
mental necrosis reached either 60% (for systolic fractional area
change) or 40% (for wall thickening). Thus, in segments exhibiting
60% or more necrosis, there was no potentiation of cardiac func-
tion, whereas segments with less than 40% necrosis were signif-
icantly potentiated in postextrasystolic beats. Abbreviations as in
Figure 5.
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of the extent of the ischemic involvement. Thus. ischemia
did not appear to preclude postextrasystolic beat potentiation
of function.
Relation between extent of segmental necrosis and
function . We plotted the ccho-denved segmental systolic
fractional area change and wall thickening against the extent
of segmental necrosis (Fig. 8). These segments had various
amounts of ischemia in addition to necrosis Crable 3). A
"threshold" type transition from significant functional po-
tentiation to no potentiation was noted when the extent of
segment necrosis reached either 60* (for systolic fractional
area change) or 400k (for wall thickening). Beyond this
extent of segmental necrosis. there was no postextrasystolic
augmentation of either systolic fractional area change or
wall thickemng.
Discussion
Quantitative assessment of postextrasystolic potentia-
tion methodology. This experiment applied quantitative
computer-aided two-dimensional echocardiography to ex-
amine the degree and time course of postextrasystolic po-
tentiation of segmental cardiac function during experimental
acute coronary occlusion. Importantly. standardized pro-
cedures were employed to compare the cross-sectional echo-
graphic measurements of segmental cardiac contractile re-
sponse in the postextrasystolic beat with postmortem delin-
eation of ischemic or necrotic involvement. or both. in
corresponding ventricular segments.
Previous investigations studied postextrasystolic poten-
nation by employing myocardial gauges III open chest prep-
arations (4-7. 16) or left ventriculography in the closedchest
(3.8.9). Use of noninvasive M-mode echocardiography has
also been reported ( 17. 18). but this technique is limited
becauses its "ice-pick" views hinder comprehensive beat
to beat portrayal of segmental funcnon response during pre-
mature and postextrasystolic beats. In contrast. two-dimen-
sional echocardiography provides a more detailed display
of the left ventricle and. therefore. is well suited for com-
puter-aided segment to segment mapping of ventricular cross
sections. Visualized cardiac landmarks prove invaluable in
standardizing echographic analysis of fractional area changes
and wall thickening and in matching left ventncular seg-
ments with similarly subdivided ventricular slabs for com-
parison and validation with regional morphologic fi ndings.
In the current investigation. left ventricular segments that
did not contain either ischemic or necrotic regions (as dem-
onstrated by postmortem analysis) exhibited postextrasys-
tolic potentiation of both systolic fractional area change and
wall thickening thoughout the experiments (Fig. 5). In con-
trast, in segments that developed more than 80% necrosis,
contractile function was significantly depressed after left
anterior descending coronary artery occlusion. and was
characterized by a loss of postextrasystolic potentiation of
echo-derived systolic fractional area change and wall thick-
ening as early as I hour after occlusion. This absence of
potentiation persisted up to the end of the study. that is, 3
hours after occlusion (Fig. 6). Considering the relation be-
tween systolic fractional area change or wall thickening and
regional necrosis (Fig. 8). the residual function detected in
a particular cardiac muscle segment at the end of the 3 hour
coronary occlusion probably depends on the distribution of
necrotic and nonnecrotic areas in the segment. Our data
indicate no augmentation at all in systolic fractional area
change or wall thickening when segmental necrosis ex-
ceeded 60 or 40%. respectively.
Experimental studie s of function in ischemic and ne-
crotic segments. Lieberman et al. (19) did not fi nd an
anticipated linear relation between echo-derived systolic wall
thickening and the percent of wall necrosis in equivalent
segments of the left ventricle. Rather. they found a .' thresh-
hold" relanon indicating that segmental systolic thickening
was evident only when the infarct extended to less than 20%
of the wall thickness. Thickerung was absent and indeed
changed to wall thinning with higher degrees of mural ne-
CroS I~. However. Wyatt et al. (20) found a linear correlation
between the extent of equivalent left ventricular slab infarct
size and echo-derived dyssynergy measured as percent sec-
tion exhibiting akinesia or dyskinesia in corresponding ca-
nine cross sections.
Abnonnaltttes ofjunction i ll zones ad jacent to (I ll tnjarct
have been described in echocardiographic (2/ - 24) and
cineangiographic (25) studies. Wyatt et al. (26) postulated
that an ischermc muscle transmitted some of its contractile
derangements to the adjacent nonischemic zone through
tethering. With the use of three-dimensional mapping of
myocardial infarction of the left ventricle. Jugdutt et al. (27)
demonstrated grossly abnormal myocardium within as little
as 5 mm from the border of the infarct. and estimated that
up to look of the infarct area may be present in a border
Table 3. Extent of Left Ventncular Segmental Ischcnua 3 Hours After Left Anterior Descending Coronary Artery Occlusion
II, Necrov i-,
0 1-20 21-'+0 '+ 1- 60 6 1-80 8 1-100
Extent of tschenua ('7r)
Mean 9.8 )2.+ .+7 I 6) \ 74 I 9:; 7
Range 00 to 44.) 8 0 to :;) .\ 27 2 to 88 I 462 to 9 \ 68 2 to 84.4 8) 8 to 100
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zone consisting of normal muscle interspersed with islands
of necrotic tissue. Factor et al. (28), in a similar investi-
gation, found no true " islands," but demonstrated instead
a border region composed of highly complex interdigitating
peninsulas. The depression of mechanical performance ob-
served in the cardiac muscle adjacent to an infarct may thus
be related to the previous suggested complexities. and the
precise role that patchy amounts of necrosis may play in
relation to segmental cardiac function remains unclear. In
terms of histochemical techniques, glycogen loss measured
in our study is an early but reversible biochemical marker
of ischemia that results from a rapid shift from aerobic to
anaerobic metabolism ( 15,29,30) and occurs much earlier
than the morphologic features associated with irreversible
damage (31).
Comparison with alternate investigations of postex-
trasystolic potentiation. We found that in nonnecrotic seg-
ments, varying extents of glycogen depletion (characterizing
ischemia) were associated with a reduction of control beat
systolic fractional area change and wall thickening to levels
that were intermediate between those in normal and infarcted
segments. Two-dimensional echocardiographic measure-
ments of systolic fractional area change and wall thickening
showed that an increasing extent of segmental ischemia was
reflected in a decreasing cardiac function during atrial pac-
ing; however, postextrasystolic beat augmentation of func-
tion was still generally present at the various degrees of
ischemia. This potentiation was statistically significant in-
relation to the depressed level of ischemic function, although
potentiated beat function did not reach controls levels (Fig.
7).
Boden et al. (5) used rnercury-in-Silastic myocardial seg-
ment length gauges in an open chest canine model with left
anterior descending coronary artery ligation to assess the
progression of regional contraction abnormalities. These
gauges were placed in the epicardium and, therefore, may
not reflect or even be representative of segmental cardiac
contraction. The open chest dogs were subjected to a 4 hour
coronary ligation, followed by I hour of reperfusion. Before
reperfusion, postextrasystolic beats potentiated the "border
zone" segmental shortening almost to control levels. and
the central ischemic zone function was also improved, al-
though not to preocclusion levels. Reperfusion improved
both the intrinsic and potentiated segmental performance in
the border and ischemic zones. Diamond et al. (16) induced
atrial premature beats and studied postextrasystolic poten-
tiation with hemodynamic measurements and epicardial length
gauges. They concluded that such a method is useful for
defining the magnitude and period of latent contractibility
in acute ischemia. As previously stated, Crozatier et al. (7)
demonstrated a rapid loss of potentiation of regional seg-
mental shortening during the fi rst few minutes of ischemia.
These authors placed ultrasonic crystals in the subendocar-
dial region, and showed that the epicardium is much less
sensitive than the endocardium to effects of ischemia (32,
33).
Thus, much of the available data on the effects of ex-
trasystolic potentiation must be extrapolated with caution
because the more profoundly ischemic deeper layers of the
myocardial wall would not be expected to respond in the
same manner as the generally nonischemic epicardium or
slightly ischemic subepicardial region. A number of clinical
ventriculographic studies (3.8,9) have demonstrated pos-
textrasystolic potentiation responsiveness during endocar-
dial ischemia, but histologic studies (34) also revealed that
the reversibly dysfunctioning regions were often nonin-
farcted. Therefore, a substantial body of evidence suggests
that a total and rapid loss of regional myocardial function
during acute ischemia need not mean irreversible damage.
This loss in function may, in fact, be reversible, and func-
tional viability associated with the extent of necrosis may
be detected and delineated during postextrasystolic poten-
tiated beats by means of invasive or newer noninvasive
methods.
Evaluation of merits of postextrasystolic potentiation
test. Nitroglycerin (27), nitroprusside (35) and other phar-
macologic agents have been proposed and used to detect
reversibility of myocardial injury. These were also com-
pared with postextrasystolic potentiation. or with combined
methods (9) . Postextrasystolic potentiation has several ad-
vantages over pharmacologic testing methods. Thus, single
premature beats do not lead to significant or detrimental
myocardial depression, such as may result from more per-
sisting states with increased oxygen demands. Evidence in-
dicates that changes in left ventricular preload, afterload or
peripheral resistance do not persist after postextrasystolic
beats. Provided that heart rate and coupling intervals are
controlled, the postextrasystolic potentiation is quite re-
peatable and represents a practical means of unmasking
functional viability by eliciting a contractile response. The
magnitude of this response depends on the coupling interval
of the preceding premature beat, and the more premature
the extrasystole. the greater the subsequent augmentation.
Such a relation was recently corroborated by Uchiyama et
at. (36) in a two-dimensional echocardiographic study.
In clinical studies of postextrasystolic potentiation. in-
vestigators have used electrical (3 , 18) or external mechan-
ical (17) stimulators. catheter tip stimulation (8) or spon-
taneous ventricular premature beats (8,9). We used a con-
stant coupling interval and believe this is necessary because
of the known relation between magnitude of postextrasys-
tolic augmentation and premature beat coupling (36).
For patients with chronic ischemic heart disease. elec-
trical stimulation by catheter during catheterization might
be used. Also, in the coronary intensive care unit, if patients
with acute myocardial infarction have a pacing catheter in
their heart, chosen constant coupling intervals could be safely
applied, or if no pacing catheter is available, spontaneous
JACC Vol 2. No
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or supraventricular premature beats could be analyzed. Of
course. fully noninvasive, as well as safe techniques, would
be the ultimate goal for induction of single premature beats
with controlled coupling interval. combined with imaging
and evaluation of postextrasystolic potentianon by two-
dimensional echocardiography.
Limitation of this study. The primary limitation en-
countered in this experimental study was the precise match-
ing and comparison of echographic images with patholog-
ically studied freshly cut leftventricularslabs. The echographic
cross-sectional images may not be fully identical to the
excised slabs; the latter are also subject to minordimensional
changes. Whereas two-dimensional echocardiographic im-
ages in dogs have been generally satisfactory and repro-
ducible during postextrasystohc potentiation. in segmental
analysis of end-diastolic and end-systolic left ventricular
function there have been some errors and knowndifficulties,
such as accurate accounting of whole heart movements.
Thus, we recognize limitations of quantitative segmental
analytical methods in general. and also potential difficulties
in obtaining (with current two-dimensional echographic
equipment) satisfactory nonsectional images in a number of
clinical applications.
Conclusion. We conclude from our experimental study
that during myocardial ischemia whenever augmentation of
cardiac function is noted in postextrasystolic beats, left ven-
tricular segments should have only minor necroses or in-
farction, or consist essentially of reversibly ischemic and
normal myocardium. We have also demonstrated. with def-
inite pathologic measurements and comprehensive two-di-
mensional echocardiographic mapping. that one can non-
invasively differentiate segments with small (less than 400/c)
and extensive (greater than 60%) myocardial necrosis. Ab-
sence of postextrasystolic potentiation of cardiac function
in any segment of the left ventricle may bejudged to indicate
extensive myocardial necrosis. as distinct from extensive
but reversible myocardial ischemia.
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